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(54) Cryogenic-fluid-cooled open MRI magnet with uniform magnetic field 



(57) An open magnetic resonance imaging (MRI) 
magnet having first and second spaced-apart supercon- 
ductive coil assemblies (112,120) each including a toroi- 
dal-shaped coil housing (114.122) containing a super- 
conductive main coil (140.146) at least partially im- 
mersed in a cryogenic fluid (1 42, 1 50) such as liquid he- 
lium A generally-non-permanently-magnetized ferro- 
magnetic ring (1 44 1 58) is associated with each coil as- 



sembly, being generally coaxially aligned with the asso- 
ciated coil assembly and being spaced radially inward 
and radially apart from the associated coil assembly's 
superconductive main coil The ferromagnetic rings 
overcome the gross magnetic field distortions in the im- 
aging volume of the superconductive main coils (creat- 
ed by the open space between the magnet's supercon- 
ductive coil assemblies) to produce a magnetic field of 
high uniformity within the imaging volume (160). 
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Description 

The present invention relates generally to a cryo- 
genic -fluid-cooled (e.g., a liqutd-helium-cooled) super- 
conductive magnet used to generate a high magnetic 
field as part of a magnetic resonance imaging (MRI) sys- 
tenrv and more particularly to such a magnet having an 
open design and a magnetic field of high uniformity. 

MRI systems employing superconductive or other 
type magnets are used in various fields such as medical 
diagnostics Known superconductive magnets include 
liquid-helium cooled and cryocooler-cooled supercon- 
ductive magnets Typically for a helium-cooled magnet, 
the superconductive coil assembly includes a supercon- 
ductive main coil which is at least partially immersed in 
liquid helium contained in a helium dewar which is sur- 
rounded by a dual thermal shield which is surrounded 
by a vacuum enclosure Nb-Ti superconductive coils 
typically operate at a temperature of generally 4 Kelvin, 
and Nb-Sn superconductive coils typically operate at a 
temperature of generally 10 Kelvin 

Known superconductive magnet designs include 
closed magnets and open magnets. Closed magnets 
typically have a single, tubular-shaped superconductive 
coil assembly having a bore The superconductive coil 
assembly includes several radially -aligned and longitu- 
dinally spaced-apart superconductive main coils each 
carrying a large, identical electric current in the same 
direction The superconductive main coils are thus de- 
signed to create a magnetic field of high uniformity within 
a spherical imaging volume centered within the mag- 
net's bore where the object to be imaged is placed. Al- 
though the magnet is so designed to have a highly uni- 
form magnetic field within the imaging volume, manu- 
facturing tolerances in the magnet and magnetic field 
disturbances caused by the environment at the field site 
of the magnet usually require that the magnet be cor- 
rected at the field site for such minor irregularities in the 
magnetic field Typically, the magnet is shimmed at the 
field site by using pieces of iron, or, for Nb-Ti supercon- 
ductive magnets cooled by liquid helium, by using nu- 
merous Nb-Ti superconductive correction coils. The cor- 
rection coils are placed within the superconductive coil 
assembly radially near and radially inward of the main 
coils Each correction coil carries a different, but low, 
electric current in any required direction including a di- 
rection opposite to the direction of the electric current 
carried in the mam coils. 

Open magnets typically employ two spaced-apart 
superconductive coil assemblies with the space be- 
tween the assemblies allowing for access by medical 
personnel for surgery or other medical procedures dur- 
ing MRI imaging The patient may be positioned in that 
space or also in the bore of the toroidal-shaped coil as- 
semblies The open space helps the patient overcome 
any feelings of claustrophobia that may be experienced 
in a closed magnet design The literature is largely silent 
on how superconductive open magnets can be made to 



have a magnetic field of high uniformity within the imag- 
ing volume when the creation of the open space be- 
tween the superconductive coil assemblies grossly dis- 
torts the magnetic field creating a magnetic field of low 

5 uniformity within the imaging volume Such magnetic 
field distortion is well beyond that which can be over- 
come by using known magnet shimming technology. 

What is needed is a cryogenic-fluid-cooled open 
MRI magnet designed to have a highly uniform magnetic 

'0 field within its imaging volume despite the gross mag- 
netic field distortions created by the open space be- 
tween the magnet's superconductive coil assemblies 

It is an object of the invention to provide a cryogenic- 
fluid-cooled open superconductive MRI magnet de- 

'5 signed to have a magnetic field of high uniformity within 
its imaging volume 

The open MRI magnet of the invention includes a 
first superconductive coil assembly including a general- 
ly toroidal-shaped first coil housing and a generally an- 

20 nular-shaped first superconductive main coil The first 
coil housing surrounds a first bore and has a generally 
longitudinal first axis. The first main coil is generally co- 
axially aligned with the first axis, disposed within the first 
coil housing, and at least partially immersed in a cryo- 

2S genie fluid. The open MRI magnet also includes a gen- 
erally-non-permanently-magnetized first ferromagnetic 
ring generally coaxially aligned with the first axis and 
spaced radially inward and radially apart from the first 
superconductive main coil The open MR! magnet addi- 

30 tionally includes a second superconductive coil assem- 
bly including a generally toroidal-shaped second coil 
housing and a generally annular-shaped second super- 
conductive main coil. The second coil housing is longi- 
tudinally spaced apart from the first coil housing, sur- 

3S rounds a second bore, and has a generally longitudinal 
second axis which is generally coaxially aligned with the 
first axis The second main coil is generally coaxially 
aligned with the second axis, disposed within the sec- 
ond coil housing, and at least partially immersed in a 

40 cryogenic fluid The open MRI magnet further includes 
a generally-non-permanently-magnetized second ferro- 
magnetic ring generally coaxially aligned with the sec- 
ond axis and spaced radially inward and radially apart 
from the second superconductive main coil In a pre- 

45 ferred embodiment, the second superconductive coil 
assembly is a generally mirror image of the first super- 
conductive coil assembly, and the second ferromagnetic 
ring is a generally mirror image of the first ferromagnetic 
ring. 

50 Several benefits and advantages are derived from 
the invention With Applicant's open MRI magnet de- 
sign, the ferromagnetic rings may be chosen by mag- 
netic field analysis to overcome the gross magnetic field 
distortions within the imaging volume of the main coils 

55 (created by the open space between the magnet's su- 
perconductive coil assemblies) to produce a magnetic 
field of high uniformity within the imaging volume Appli- 
cant's highly uniform magnetic field permits high quality 
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MRI imaging Applicant's open magnet design over- 
comes any claustrophobia feelings of patients Appli- 
cant's design of an open magnet with a highly uniform 
magnetic field gives access to the patient by medical 
personnel for surgery or other medical procedures dur- 
ing high-quality MRI imaging. 

The accompanying drawings illustrate two pre- 
ferred embodiments of the present invention wherein 

Figure 1 is a perspective view of a first preferred 
embodiment of the open MRI magnet of the inven- 
tion having internal ferromagnetic rings: 

Figure 2 is a schematic cross-sectional side-eleva- 
tional view of the MRI magnet of Figure 1 with a 
magnet floor mount added; 

Figure 3 is a view : as in Figure 2, but of a second 
preferred embodiment of the open MRI magnet of 
the invention having external ferromagnetic rings; 
and 

Figure 4 is a schematic cross-sectional view of the 
MRI magnet of Figure 3 taken along the lines 4-4 of 
Figure 3 

Referring now to the drawings, wherein like numer- 
als represent like elements throughout Figures 1-2 
show a first preferred embodiment of the open magnetic 
resonance imaging (MRI) magnet 110 of the present in- 
vention The magnet 110 includes a first superconduc- 
tive coil assembly 112 with a generally toroidal-shaped 
first coil housing 114 which surrounds a first bore 116 
and which has a generally longitudinal first axis 118 The 
magnet 110 also includes a second superconductive 
coil assembly 1 20 with a generally toroidal-shaped sec- 
ond coil housing 122 which surrounds a second bore 
124 and which has a generally longitudinal second axis 
126. The second coil housing 122 is longitudinally 
spaced apart from the first coil housing 1 14 by structural 
posts 128, and the second axis 126 is generally coaxi- 
ally aligned with the first axis 118 Preferably, the second 
superconductive coil assembly 1 20 is a generally mirror 
image of the first superconductive coil assembly 112 
about a plane 130 (seen on edge as a dashed line in 
Figure 2) oriented perpendicular to the first axis 118 and 
disposed longitudinally midway between the first and 
second coil housings 114 and 122 

The first coil housing 114 includes a first generally- 
circumferential outside surface 132 facing generally to- 
wards the first axis 118 and a second generally-circum- 
ferential outside surface 1 34 radially spaced apart from 
the first circumferential outside surface 132 and facing 
generally away from the first axis 1 1 8. The first coil hous- 
ing 114 also includes a first generally-annular outside 
surface 1 36 facing generally towards the plane 1 30 and 
a second generally-annular outside surface 138 longi- 
tudinally spaced apart from the first annular outside sur- 



face 1 36 and facing generally away from the plane 1 30 
The first superconductive coil assembly 11 2 also in- 
cludes a generally annular-shaped first superconduc- 
tive main coil 140 and preferably includes generally an- 

5 nular-shaped additional superconductive mam coils (not 
shown in the figures) The additional superconductive 
main coils may be needed to achieve a high magnetic 
field strength, within the magnet's imaging volume, with- 
out exceeding the critical current density of the super- 

io conductor being used in the coils, as is known to those 
skilled in the art. The first superconductive main coil 1 40 
is conventionally supported on a coil form (not shown in 
the figures). The first superconductive main coil 140 is 
generally coaxially aligned with the first axis 118, is dis- 

>5 posed within the first coil housing 1 1 4, is at least partially 
immersed in a cryogenic fluid 142, and carries a first 
main electric current in a first direction The first direction 
is defined to be either a clockwise or a counterclockwise 
circumferential direction about the first axis 1 1 8 with any 

20 slight longitudinal component of current direction being 
ignored. The first superconductive main coil 1 40 typical- 
ly would be a superconductive wire or superconductive 
tape wound such that the first superconductive main coil 
140 has a longitudinal extension and a radial extension 

25 (i.e., radial thickness) far greater than the corresponding 
dimensions of the superconductive wire or supercon- 
ductive tape 

The magnet 110 additionally includes a generally- 
non -permanently-magnetized first ferromagnetic ring 

30 144 generally coaxially aligned with the first axis 118 and 
spaced radially inward and radially apart from the first 
superconductive main coil 140 The first ferromagnetic 
ring 144 may be a circumferentially-continuous ring, an 
array of circumferentially-abutting ring segments, or an 

35 array of spaced-apart, circumferentially-adjacent ring 
segments wherein the length of the arc of any circum- 
ferential space between circumferentially-adjacent ring 
segments is always smaller than the arc length of any 
ring segment making up the array In the first preferred 

40 embodiment, as shown in Figure 2. the first ferromag- 
netic ring 144 is disposed within the first coil housing 
114 proximate the first circumferential outside surface 
1 32 and proximate the first annular outside surface 1 36 
In an exemplary construction, the first ferromagnetic 

45 ring 144 consists essentially of (and preferably consists 
of) carbon steel. 

As previously mentioned and as shown in Figures 
1 and 2, the second superconductive coil assembly 120 
is a generally mirror image of the first superconductive 

50 coil assembly 1 1 2 about the plane 1 30 Therefore, in ad- 
dition to the second coil housing 1 22, the second super- 
conductive coil assembly 120 also includes a generally 
annular-shaped second superconductive main coil 146 
and preferably includes generally annular-shaped addi- 

55 tional superconductive main coils It is noted that the ad- 
ditional superconductive main coils would be needed by 
the second superconductive coil assembly 120 to bal- 
ance any extra additional superconductive main coils of 
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the first superconductive coil assembly 11 2 as can be 
appreciated by those skilled in the art The second su- 
perconductive main coil 1 46 is conventionally supported 
on a coil form (not shown in the figures). 

The second superconductive main coil 146 is gen- 
erally coaxially aligned with the second axis 1 26, is dis- 
posed within the second coil housing 1 22 carries a sec- 
ond mam electric current in the first direction (i.e., in the 
same direction as the electric current in the first super- 
conductive main coil 140), and is at least partially im- 
mersed in a cryogenic fluid 150 In the first preferred 
embodiment, as seen in Figure 2, the cryogenic fluid 1 50 
containing the second superconductive main coil 146 is 
in fluid communication with the cryogenic fluid 142 con- 
taining the first superconductive main coil 140 In an ex- 
emplary enablement, the cryogenic fluid 142 containing 
the first superconductive main coil 1 40 and the cryogen- 
ic fluid 1 50 containing the second superconductive main 
coil 146 each consist essentially of (and preferably con- 
sist of) liquid helium 

In a preferred construction a first dewar 152 con- 
tains the cryogenic fluid 142 and is spaced-apart from 
and surrounds the first superconductive main coil 140, 
and a second dewar 154 contains the cryogenic fluid 
1 50 and is spaced-apart from and surrounds the second 
superconductive main coil 1 46 A dewar conduit 1 56 flu- 
idty interconnects the first and second dewars 152 and 
154 Preferably, one of the bottom structural posts 128 
is hollow with the dewar conduit 156 located therein 
Typically, the two coil housings 114 and 1 22 and the hol- 
low bottom structural post 1 28 together form a vacuum 
enclosure A dual thermal shield (omitted from the fig- 
ures for clarity) is spaced-apart from and surrounds 
each dewar 152 and 154 with the dual thermal shield 
itself being spaced apart from and surrounded by the 
corresponding coil housing 114 and 122. Conventional 
thermally-insulatrve spacers (not shown) separate 
spaced-apart elements, as is known to the artisan. 

The magnet 110 further includes a generally-non- 
permanently-magnetized second ferromagnetic ring 
1 58 generally coaxially aligned with the second axis 1 26 
and spaced radially inward and radially apart from the 
second superconductive main coil 146 The second fer- 
romagnetic ring 158 may be a circumferentially-contin- 
uous ring, an array of circumferentially-abutting ring 
segments, or an array of spaced-apart circumferential- 
ly-adjacent ring segments wherein the length of the arc 
of any circumferential space between circumferentially- 
adjacent ring segments is always smaller than the arc 
length of any ring segment making up the array. In the 
first preferred embodiment, as shown in Figure 2, the 
second ferromagnetic ring 158 is disposed within the 
second coil housing 122 proximate the circumferential 
outside surface which faces radially inward toward the 
second axis 126 and proximate the annular outside sur- 
face which faces longitudinally inward toward the plane 
130 In an exemplary construction, the second ferro- 
magnetic ring 1 58 consists essentially of (and preferably 
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consists of) carbon steel Preferably, the second ferro- 
magnetic ring 1 58 is a generally mirror image of the first 
ferromagnetic ring 144 about the plane 130 

The superconductive main coils 1 40 and 1 46 of the 
5 magnet 110 typically produce a generally spherical im- 
aging volume 160 (shown as a dotted circle in Figure 2) 
centered generally at the intersection of the plane 130 
and the first axis 118 The effect of the open space 1 62 
between the two superconductive coil assemblies 112 
10 and 120 is to distort the uniformity of the magnetic field 
of the spherical imaging volume 1 60 As one moves lon- 
gitudinally through the spherical imaging volume 160. 
the magnitude of the magnetic field decreases with de- 
creasing distance from the center of the spherical imag- 
es mg volume 1 60 because of the missing superconductive 
mam coils which were removed to create the open 
space 1 62 The effect of the ferromagnetic rings 1 44 and 
158 is to lower the magnitude of the magnetic field to- 
ward the longitudinal edges of the spherical imaging vol- 
ume 160 in line with the lower magnitude at the center. 
The ferromagnetic rings 144 and 158 are designed, us- 
ing the principles of the present invention, previously 
disclosed herein, together with conventional magnetic 
field analysis, as is within the skill of the artisan, to pro- 
duce a highly homogeneous magnetic field within the 
spherical imaging volume 160 for improved MRI imag- 
ing. It is noted that the magnet 110 is supported on a 
conventional magnet floor mount 164 

Referring again to the drawings. Figures 3 4 show 
a second preferred embodiment of the open magnetic 
resonance imaging (MRI) magnet 210 of the present in- 
vention Magnet 210 is identical to magnet 110 of the 
first preferred embodiment of the invention, with differ- 
ences as hereinafter noted The cryogenic fluid 250 con- 
taining the second superconductive mam coil 246 is flu- 
idly independent of the cryogenic fluid 242 containing 
the first superconductive main coil 240 (i.e., in the sec- 
ond preferred embodiment there is no dewar conduit f I u- 
idly interconnecting the two dewars 252 and 254). The 
first ferromagnetic ring 244 is disposed outside (and not 
within) the first coil housing 21 4 in the first bore 216, and 
the second ferromagnetic ring 258 is disposed outside 
(and not within) the second coil housing 222 in the sec- 
ond bore 224 Preferably, as shown in Figure 3. the first 
ferromagnetic ring 244 is attached to the first coil hous- 
ing 214, and the second ferromagnetic ring 258 is at- 
tached to the second coil housing 222. It is noted, as 
shown in Figure 4, that the first ferromagnetic ring 244 
comprises a circumferentially-continuous ring. 



Claims 

1 . An open magnetic resonance imaging magnet com- 
55 prising 

a) a first superconductive coil assembly includ- 
ing 
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(1) a generally toroidal-shaped first coil 
housing surrounding a first bore and hav- 
ing a generally longitudinal first axis, and 

(2) a generally annular-shaped first super- 
conductive main coil generally coaxially 
aligned with said first axis, disposed within 
said first coil housing, and at least partially 
immersed in a cryogenic fluid; 

b) a generally-non-permanently-magnetized 
first ferromagnetic ring generally coaxially 
aligned with said first axis and spaced radially 
inward and radially apart from said first super- 
conductive main coil; 

c) a second superconductive coil assembly in- 
cluding 



10 7. 
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and said second ferromagnetic ring is disposed 
within said second coil housing. 

The magnet of claim 2. wherein said first ferromag- 
netic ring is disposed outside said first coil housing 
in said first bore and said second ferromagnetic ring 
is disposed outside said second coil housing in said 
second bore 

The magnet of claim 6, wherein said first ferromag- 
netic ring is attached to said first coil housing and 
said second ferromagnetic ring is attached to said 
second coil housing. 

The magnet of claim 2 wherein said cryogenic fluid 
containing said second superconductive main coil 
is fluidly independent of said cryogenic fluid con- 
taining said first superconductive mam coil 



(1 ) a generally toroidal-shaped second coil 20 9. 
housing longitudinally spaced apart from 

said first coil housing, surrounding a sec- 
ond bore and having a generally longitudi- 
nal second axis generally coaxially aligned 
with said first axis; and 25 10. 

(2) a generally annular-shaped second su- 
perconductive main coil generally coaxially 
aligned with said second axis, disposed 
within said second coil housing, and at 30 
least partially immersed in a cryogenic flu- 
id; and 



The magnet of claim 2 wherein said cryogenic fluid 
containing said second superconductive main coil 
is in fluid communication with said cryogenic fluid 
containing said first superconductive main coil. 

The magnet of claim 2 wherein said cryogenic fluid 
containing said first superconductive main coil and 
said cryogenic fluid containing said second super- 
conductive main coil each consist essentially of liq- 
uid helium 



d) a generally-non-permanently-magnetized 
second ferromagnetic ring generally coaxially 35 
aligned with said second axis and spaced radi- 
ally inward and radially apart from said second 
superconductive main coil 



2. The magnet of claim 1 wherein said second super- 40 
conductive coil assembly is a generally mirror im- 
age of said first superconductive coil assembly 
about a plane oriented perpendicular to said first ax- 
is and disposed longitudinally midway between said 
first and second coil housings, and wherein said 45 
second ferromagnetic ring is a generally mirror im- 
age of said first ferromagnetic ring about said plane. 

3. The magnet of claim 2, wherein said first ferromag- 
netic ring comprises a circumferentially-continuous 50 
ring 

4. The magnet of claim 3, wherein said first and sec- 
ond ferromagnetic rings each consist essentially of 
carbon steel 55 



5. The magnet of claim 2, wherein said first ferromag- 
netic ring is disposed within said first coil housing 
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